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INTRODUCTION 

A l a r g e  p o r t i o n  o f  wor ld  energy resources i s  i n  t h e  form o f  low grade c o a l .  
There i s  need t o  u t i l i z e  these resources i n  an e f f i c i e n t  and env i ronmenta l l y  c l e a n  
way. The s p e c i f i c  approach under development by us i s  d i r e c t  combustion i n  a 
m u l t i s t a g e  s l a g g i n g  combustor, i n c o r p o r a t i n g  c o n t r o l  o f  NO,, SOF, and 
p a r t i c u l a t e s .  Whi le  exper imenta l  v e r i f i c a t i o n  prov ides  t h e  u l t i m a t e  proo f  o f  
a c c e p t a b i l i t y ,  t h e r e  i s  an i n c r e a s i n g  r e a l i z a t i o n  t h a t  t h e  d e t a i l e d  f l o w  f i e l d  
computations o f  t h e  combustion process can p r o v i d e  much o f  t h e  necessary 
understanding and a i d  i n  t h e  development process. 
w i t h  the  m o d e l l i n g  o f  p u l v e r i z e d  c o a l  combustion i n  burners  where f l o w  f i e l d  i s  
p redominant ly  two-dimensional  (1 -3) .  Many elements o f  t h i s  c o a l  combustion model 
have been developed and v a l i d a t e d  under those c o n d i t i o n s .  

o f  prime importance. An example o f  such a combustor i s  shown s c h e m a t i c a l l y  i n  
F i g .  1.  The t o r o i d a l  v o r t e x  combustor i s  c u r r e n t l y  under development through a 
DOE c o n t r a c t  t o  Westinghouse and s u b c o n t r a c t  t o  ARL. T h i s  subscale. c o a l - f i r e d ,  
6 MW combustor w i l l  be b u i l t  and become o p e r a t i o n a l  i n  1988. The coa l  f u e l  i s  
mixed w i t h  preheated a i r .  i n j e c t e d  th rough a numher nf 2 i r c u m f e r e n t i a l l y - l o c a t e d  
j e t s  o r i e n t e d  i n  t h e  r a d i u s  a x i s  p lanes .  
fo rming  a v e r t i c a l l y  d i r e c t e d  j e t  which curves around t h e  combustor dome w a l l  and 
g i v e s  r i s e  t o  a t o r o i d a l  shaped v o r t e x .  Th is  v o r t e x  he lps  t o  push t h e  p a r t i c l e s  
r a d i a l l y  outward, h i t  t h e  w a l l s  th rough i n e r t i a l  s e p a r a t i o n  and promote s lagg ing .  
I t  a l s o  p r o v i d e s  a h i g h  i n t e n s i t y  f l o w  m i x i n g  zone t o  enhance combustion produc t  
u n i f o r m i t y ,  and a p r i m a r y  mechanism f o r  heat  feed back t o  t h e  incoming f l o w  f o r  
f lame s t a b i l i z a t i o n .  

Work descr ibes  t h e  e s s e n t i a l  f e a t u r e s  o f  a c o a l  combustion model which i s  
i n c o r p o r a t e d  i n t o  a th ree-d imens iona l ,  s teady-s ta te ,  two-phase, t u r b u l e n t ,  
r e a c t i v e  f l o w  code. The code i s  a m o d i f i e d  and advanced v e r s i o n  o f  INTERN code 
o r i g i n a l l y  developed a t  I m p e r i a l  Co l lege which has gone th rough many stages o f  
development and v a l i d a t i o n .  
combustion model r e s u l t s  f o r  an exper imenta l  can combustor. The code has s i n c e  
t h e n  been m o d i f i e d  by and made p u b l i c  under a US Army p r o g r a d 6 ) .  
code m o d i f i c a t i o n s  and improvements have been made a t  ARL. The e a r l i e r  vers ion  o f  
code was w r i t t e n  f o r  a smal l  CDC machine which r e l i e d  on f requent  disk/memory 
t r a n s f e r  and o v e r l a y  f e a t u r e s  t o  c a r r y  t h e  computat ions r e s u l t i n g  i n  l o s s  o f  
computa t iona l  speed. These l i m i t a t i o n s  have now been removed. F o r  spray  
a p p l i c a t i o n s ,  t h e  f u e l  d r o p l e t  v a p o r i z a t i o n  generates gaseous f u e l  o f  u n i f o r m  
composi t ion;  hence t h e  e a r l i e r  f o r m u l a t i o n  r e l i e d  upon t h e  use of conserved s c a l a r  
approx imat ion  t o  reduce t h e  number o f  species equat ions  t o  be solved. I n  
a p p l i c a t i o n s  r e l a t e d  t o  coa l  f u e l ,  coal  p y r o l y s i s  leads t o  t h e  f o r m a t i o n  o f  a t  
l e a s t  two d i f f e r e n t  gaseous f u e l s  and a s o l i d  f u e l  o f  d i f f e r e n t  compos i t ion .  
have t h e r e f o r e  removed t h e  conserved s c a l a r  f o r m u l a t i o n  f o r  t h e  sake o f  g e n e r a l i t y  
and easy a d a p t a b i l i t y  t o  complex f u e l  s i t u a t i o n s .  

A number o f  papers have d e a l t  

Our main i n t e r e s t  i s  i n  t h e  combustors where three-dimensional  e f f e c t s  a r e  

The j e t s  merge a t  t h e  c e n t e r l i n e ,  

Swithenbank e t  a l ( 4 - 5 )  have repor ted  spray 

A number o f  

We 
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Pulverized Coal Combustion Model 

Combustion of pulverized coal particles is generally assumed t o  be a 
two-stage process consisting of devolatilization o r  pyrolysis of coal and 
heterogeneous char oxidation and gasification. 
pyrolysis is that of Kobayashi. et al.(7) This model proposes the use of 
two competing first order reactions t o  describe particle mass loss during 
pyrolysis. The process is described a s  

The model adopted t o  describe 

kl DAF + a l V l  + (1 - al) S1 

1) 
k. 

where Vi and V2 are volatiles of approximate elemental ratio CgH12 and 
CgH6, and Si and S 2  are char residuals containing mostly C. 
Specifically for a dry ash free (daf) coal of the type CH.8. these reactions 
can be expressed as 

kl .4 CH.8 + C6H12 + .6 C. 

and 

k 
CH.8 f C6H6 + . 2  C. 

The rate of disappearance of d 

d - 
- dt mdaf = ( k l  + k2) mdaf 

f oal is given by 

where mdaf is the mass of dry ash free coal, kl and kg are rate 
constants given by 

kl = 3.7 x 105 x exp ( -  8860/T) 

k2 = 1.46 x 1013 x exp ( -  3017/T) 

3)  

4) 

It should be noted that Equation 2 leads to volatiles yield of 0.43 and 0.81 
for slow and very rapid heating respectively. It is relatively easy t o  modify 
composition o f  volatiles to fit the experimental data for different coal ranks 
including their oxygen, nitrogen, and organically bound sulfur content. The 
devolatilization of coal is assumed t o  take place without change in t h e  
particle radius and leaves behind a lighter porous particle. 

Char Oxidation and Gasification Model 

consisting of ( i )  diffusion of gaseous species t o  the surface, ( i i )  surface 
reaction, and ( i i i )  diffusion of products t o  the bulk gas. Any of the 
processes may be a rate controlling step depending on the gas phase 
conditions, particle size and temperature, and particle pore structure. The 
model adopted is an extended version of Field(8) where surface diffusion and 
chemical reaction are taken into account. Three different surface reactions 
are included in the model, viz, 

Char gasification may be treated approximately as a three-stage process 
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k 
1 c + T o2 3 co, 

k 
, c  + cop 3 2 co, 

and 
k 

C + H20 3 C O  + H 2 .  

For  t h e  sake o f  s i m p l i c i t y ,  i t  i s  assumed t h a t  a l l  t h r e e  r e a c t i o n s  proceed 
independent o f  each o t h e r  so t h a t  t h e  char  consumption r a t e  i s  sum o f  
i n d i v i d u a l  r a t e s .  Rate o f  02 d i f f u s i o n  t o  t h e  sur face  i s  g iven  by 

d m s  

d P 0 ,  = - k O  As ('02 - '02 ) 

and t h e  r a t e  o f  02 consumption a t  t h e  s u r f a c e  i s  g iven  by 

d m dt - mO2 = - k r  . A S  . Y 

O2 
7 )  

Under quas i -s teady-s ta te ,  t h e  two r a t e s  f rom Equat ions 6 and 7 balance each 
o t h e r  and unknown q u a n t i t y  Yo can be e l i m i n a t e d  t o  g i v e  

m - A*d m, = - keii . A . Y- 
"2 u2 U L  

where kt'ff = krkg/(kr  + ko) :  
t h e  l a m i n a r  d i f f u s i o n  c o e f f i c i e n t .  and t h e  r a t e  cons tan ts  k3 - k5. taken 
from S t i c k l e r , ( g )  a r e  g i v e n  by 

The d i f f u s i o n  r a t e  k o  i s  r e l a t e d  t o  

and 

k3  = 3.24 x 1O1O x exp ( -  14500/T), 

k4  = 5 .75  x 1013 x exp ( -  43200/T). 

k 5  = 6.38 x 1011 x exp ( -  30300/T). 

a )  

Heterogeneous char  combustion i s  assumed t o  t a k e  p l a c e  a t  the  o u t e r  sur face  
r e s u l t i n g  i n  t h e  removal o f  m a t e r i a l  f rom the  s u r f a c e  a t  t h e  cons tan t  p a r t i c l e  
d e n s i t y .  

d i f f u s i o n  o f  gas phase species t o  t h e  sur face .  I t  i s  assumed t h a t  char 
o x i d a t i o n  does n o t  b e g i n  u n t i l  t h e  d e v o l a t i l i z a t i o n  i s  complete. 

Coal Water S l u r r y  Combustion Model 

O e v o l a t i l i z a t i o n  o r  b lowing  o u t  o f  gaseous produc ts  h inders  t h e  

The presence o f  water  i n  p u l v e r i z e d  coa l  e i t h e r  as mois tu re  o r  as a 
s l u r r y  fo rming  medium f u r t h e r  compl ica tes  the  m o d e l l i n g  o f  coal  p y r o l y s i s  
processes. I n  genera l ,  t h e  s i z e  d i s t r i b u t i o n  o f  c o a l  s l u r r y  d r o p l e t s  i s  
governed by the  i n j e c t o r  performance, and a t y p i c a l  s l u r r y  d r o p l e t  may c o n s i s t  
o f  many p a r e n t  c o a l  p a r t i c l e s .  
processes depending on t h e  h i s t o r y  o f  h e a t i n g  r a t e s  t o  which a p a r t i c l e  i s  

The s l u r r y  d r o p l e t  may undergo many d i f f e r e n t  
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subjected; these may inc lude s w e l l i n g  under simultaneous o r  sequent ia l  
vapor iza t ion  of  water and coa l  gaseous products,  s h a t t e r i n g  o f  d r o p l e t  i n t o  
parent coal  p a r t i c l e s  o r  even smal le r  p a r t i c l e s ,  o r  f us ion  o f  porous char and 
ash p a r t i c l e s .  The model adopted here i s  t h e  most s i m p l i s t i c  one, which w i l l  
be replaced by a more r e a l i s t i c  model i n  t h e  f u t u r e .  We assume t h a t  water 
vapor and coal  d e v o l a t i l i z a t i o n  occur i n  a sequent ia l  process, w i t h  each 
d r o p l e t  c o n s i s t i n g  o f  a s i n g l e  coal  p a r t i c l e  and a corresponding mass o f  
water. Hence t h e  spray s i z e  d i s t r i b u t i o n  i s  d i c t a t e d  by t h e  o r i g i n a l  coal  
p a r t i c l e  s i z e  d i s t r i b u t i o n  assumed. The i n i t i a l  s tep  i n  t h e  heat ing  o f  t he  
d r o p l e t  i s  t o  increase p a r t i c l e  temperature t o  t h e  s a t u r a t i o n  temperature o f  
water .  Th is  i s  fo l lowed by t h e  water vapor iza t ion  a t  the constant p a r t i c l e  
temperature u n t i l  t h e  p a r t i c l e  i s  dry .  Once t h e  p a r t i c l e  i s  d r i e d  it behaves 
l i k e  a d r y  coal  p a r t i c l e .  The sequent ia l  v a p o r i z a t i o n  model has been found t o  
be adequate f o r  t he  case o f  coa l  water s l u r r y  t u r b u l e n t  d i f f u s i o n  f lames. ( lO)  

Gaseous Combustion Model 

The o r i g i n a l  vers ion  of  INTERN incorpora ted  a two s tep r e a c t i o n  scheme 
f o r  which d i f f e r e n t i a l  t r a n s p o r t  governing t h e  e v o l u t i o n  o f  t he  mixtuve 
f r a c t i o n  f ,  mass f r a c t i o n  o f  unburned f u e l  mfu; and mass f r a c t i o n  o f  CO. 
mco, were solved. Concentrat ions o f  o ther  reac tan ts  i n c l u d i n g  moq as w e l l  
as e q u i l i b r i u m  combustion products (Mcoq, mH20, m ~ q .  e t c . )  were obtained 
v i a  a l g e b r a i c a l l y  formulated balance expressions. 

s o l i d s  t y p i c a l s  o f  coa l  combustion, t h e  f o l l o w i n g  g l o b a l  mechanisms a r e  
postulated. The v o l a t i l e s  a r e  assumed t o  combust t o  y i e l d  products CO and 
H2 i n  the  i n i t i a l  stage. 

To represent t h e  combustion o f  two d i f f e r e n t  k inds o f  v o l a t i l e s  and 

k 
C6H6 + 3 O 2  8 6 CO t 3 H2 

k 
10) 

C6H12 t 3 O2 6 C O  + 6 H 2  

The i n i t i a l  breakdown t o  CO and H q  i ns tead o f  CO2 and H20 i s  chosen t o  
represent the  f u e l  r i c h  combustion s i t u a t i o n  o f  i n t e r e s t  here. Subsequent 
o x i d a t i o n  o f  CO and H2 are  g iven by 

0 

k 
co + 1/2 o2 *f cog 

k i b  

Empir ica1,rate constants k6 t o  kg a r e  requ i red  f o r  f i n i t e  r a t e  
k i n e t i c s .  Reverse r a t e  constants kab and kgb a r e  ca lcu la ted  from 
e q u i l i b r i u m  considerat ions.  For  t u r b u l e n t  f lows,  t h e  e f f e c t i v e  r e a c t i o n  r a t e s  
a re  ca lcu la ted  from t h e  eddy breakup mode l ( l1 ) .  I n  the  absence o f  r a t e  
constants.  t he  assumption o f  f a s t  chemistry i s  invoked and a l l  r a t e s  a re  
l i m i t e d  by the  t u r b u l e n t  mix ing  ra tes .  
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RESULTS AND DISCUSSION 

A number o f  cases were computed f o r  t h e  t o r o i d a l  v o r t e x  combustor 
geometry o f  i n t e r e s t .  
c o n d i t i o n s  have been kept  cons tan t  th roughout  these computat ions.  
c o n d i t i o n s  a r e  summarized i n  Table 1. The compos i t ion  and s i z e  d i s t r i b u t i o n  
of f u e l  have been v a r i e d  p a r a m e t r i c a l l y  t o  examine i t s  i n f l u e n c e  on t h e  f l o w  
f i e l d .  The range o f  v a r i a t i o n s  f o r  the  v a r i a b l e s  a r e  summarized i n  Table 2 .  
I n  a l l  t h e  computat ions r e p o r t e d  here,  i t  i s  assumed t h a t  t h e  t i p  o f  the  c o a l  
i n j e c t o r  i s  l o c a t e d  a t  the  c e n t e r  o f  t h e  a i r  j e t  and i n  t h e  p lane o f  the  
combustor w a l l .  Coal  p a r t i c l e s  a r e  assumed t o  leave t h e  i n j e c t o r  a t  
surrounding a i r  v e l o c i t y ,  b u t  a t  room temperature,  and t h e  mass f l u x  o f  
c a r r i e r  gas i s  assumed n e g l i g i b l e  compared t o  t h e  c o a l  mass f l u x .  

d i f f e r e n c e  a l g o r i t h m  o f  INTERN code. The i t e r a t i o n s  were c a r r i e d  o u t  u n t i l  
t h e  a b s o l u t e  sum o f  mass r e s i d u a l s  was below a few percent .  A t y p i c a l  s e t  o f  
v e l o c i t y  v e c t o r  p l o t s  i s  shown i n  F i g .  2 .  The r e s u l t s  f o r  t h e  i n j e c t o r  p l a n e  
( k  = 5) show t h e  e x i s t e n c e  o f  t h e  j e t  d i r e c t e d  towards t h e  c e n t e r l i n e .  
j e t  broadens as it approaches t h e  c e n t e r l i n e  and changes i n t o  a w a l l  d i r e c t e d  
j e t  which curves  a l o n g  t h e  w a l l s  o f  t h e  combustor dome and escapes t h e  
i n j e c t o r  p l a n e  by f l o w i n g  around t h e  i n i t i a l  j e t .  A c i r c u l a r  v o r t e x  i s  seen 
t o  e x i s t  i n  t h e  l e f t  hand corner  o f  t h e  combustor i n  each p lane.  

The combustor c o n f i g u r a t i o n ,  and t h e  i n l e t  a i r  f l o w  
The i n i t i a l  

The computat ions were performed on a g r i d  o f  37 x 16 x 9 nodes by f i n i t e  

T h i s  

The t y p i c a l  s e t  o f  c a l c u l a t e d  t r a j e c t o r i e s  f o r  t h e  p u l v e r i z e d  coa l  
p a r t i c l e s  a r e  shown i n  F ig .  3. A t o t a l  o f  e i g h t  d i f f e r e n t  s i z e  groups were 
se lec ted  such t h a t  t h e  mass f r a c t i o n  i n  each s i z e  group i s  un i fo rm.  The mass 
weighted mean d iameter  f o r  t h e  d i s t r i b u t i o n  i s  50 pm which r o u g h l y  corresponds 
t o  80 p e r c e n t  minus 200 mesh. I n  t h e  computations, t h e  p a r t i c l e s  a r e  i n j e c t e d  
a t  the  i n j e c t o r  p l a n e  and t h e i r  t r a j e c t o r i e s  a re  f o l l o w e d  u n t i l  one o f  t h e  
t h r e e  c o n d i t i o n s  i s  met: (i) p a r t i c l e  combusts and i s  converted t o  an ash 
parti:le, a: Which i i i i ie  it i s  removed from f u r t h e r  c o n s i d e r a t i o n ,  (ii) t h e  
p a r t i c l e  h i t s  t h e  w a l l ,  o r  ( i i i )  p a r t i c l e  e x i t s  t h e  combustor. 

The f a t e  o f  t h e  p a r t i c l e  h i t t i n g  t h e  w a l l  depends on t h e  w a l l  boundary 
c o n d i t i o n s .  I f  w a l l s  a re  s l a g g i n g  t h e n  a p a r t i c l e  i s  captured by t h e  slag, 
f o l l o w  t h e  s l a g  and i n  the  process r e a c t  th rough p y r o l y s i s  o r  a char  burn ing  
mechanism. S ince  i n  t h e  present  work d e t a i l s  o f  s l a g  w a l l  l a y e r  f l o w  are n o t  
resolved, two l i m i t i n g  cases o f  p a r t i c l e  w a l l  i n t e r a c t i o n  a r e  considered. I n  
t h e  f i r s t  case i t  i s  assumed t h a t  any p a r t i c l e  h i t t i n g  w a l l  i s  comple te ly  l o s t  
f r o m  f u r t h e r  c o n s i d e r a t i o n ,  w h i l e  i n  t h e  second case i t  i s  assumed t h a t  a 
p a r t i c l e  h i t t i n g  t h e  w a l l  i s  comple te ly  decomposed i n t o  gaseous f u e l  a t  t h e  
cons tan t  temperature.  The l a t t e r  process w i l l  be approached i n  t h e  l i m i t  o f  
extremely h o t  and s t i c k y  s l a g  o f  n e g l i g i b l e  v e l o c i t y ,  so t h a t  a l l  
v o l a t i l i z a t i o n  w i l l  occur  i n  t h e  v i c i n i t y  o f  t h e  impact p o i n t .  Since i n  most 
cases o f  p r a c t i c a l  i n t e r e s t ,  t h e  des ign  shou ld  ensure maximum b u r n i n g  i n  
suspension, d e t a i l s  of  w a l l  p a r t i c l e  i n t e r a c t i o n  may n o t  be c r i t i c a l  t o  
combustion s t a b i l i t y  and f l o w  f i e l d  s t r u c t u r e .  However, w a l l  r e a c t i o n  can 
c o n t r i b u t e  e x t e n s i v e l y  t o  combustion o f  l a r g e  coa l  p a r t i c l e s .  
dominate res idence t i m e  requirements f o r  pure  suspension combustion, and a r e  
most e f f e c t i v e l y  combusted v i a  w a l l  r e a c t i o n ,  which e f f e c t i v e l y  p rov ides  
extended res idence t i m e .  
i s  most a t t r a c t i v e  under reduc ing  f l o w  c o n d i t i o n s .  

d iameter of  50 urn, approx imate ly  81 percent  o f  t h e  f u e l  i s  u t i l i z e d  be fore  
p a r t i c l e s  h i t  the  w a l l .  I f  t h e  f u e l  i s  s u b s t i t u t e d  w i t h  a coa l  water  m i x t u r e  
Conta in ing  30 percent  water (Case 2 )  b u t  o therw ise  t h e  same s i z e  d i s t r i b u t i o n  
as the d r y  c o a l ,  t h e  f r a c t i o n  o f  f u e l  u t i l i z e d  i s  s l i g h t l y  inc reased t o  
86 percent.  

They o r d i n a r i l y  

I n  terms o f  f u e l  energy u t i l i z a t i o n ,  t h i s  mechanism 

I n  t h e  case o f  d r y  p u l v e r i z e d  c o a l  (Case 1) w i t h  a mass mean p a r t i c l e  

The s l i g h t  inc rease i n  t h e  f u e l  u t i l i z a t i o n  may p o s s i b l y  be due 
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t o  t h e  inc reased c o n t r i b u t i o n  f rom the  g a s i f i c a t i o n  r a t e .  The o v e r a l l  
c h a r a c t e r i s t i c s  o f  t h e  f l o w  are  unchanged, and t h e r e  i s  a s l i g h t  decrease i n  
t h e  temperature l e v e l s .  P a r t i c l e s  up t o  23 pm a r e  comple te ly  converted t o  ash 
i n  l e s s  t h a n  34 ms. w h i l e  l a r g e r  p a r t i c l e s  o n l y  r e a c t  p a r t i a l l y  b e f o r e  h i t t i n g  
t h e  w a l l .  The presence o f  water i n  c o a l  a lone does n o t  adverse ly  a f f e c t  t h e  
combustion process, and t h e r e  i s  s l i g h t  evidence t o  suggest a b e n e f i c i a l  
e f f e c t  p o s s i b l y  due t o  increased g a s i f i c a t i o n  o f  t h e  char  ( s e e  Equat ion 5 ) .  

The combustion process i s  more s t r o n g l y  dependent on t h e  i n i t i a l  s i z e  
d i s t r i b u t i o n .  Reducing t h e  mass mean s i z e  f rom 50 pm (80 percent  minus 200 
mesh) t o  33 pm (80 percent  minus 325 mesh) r e s u l t s  i n  inc rease o f  t h e  f r a c t i o n  
u t i l i z e d  f rom 86 percent  t o  94 percent  (Case 3 ) .  I n  many coa l  water  s l u r r y  
a p p l i c a t i o n s ,  as discussed before,  t h e  s i z e  d i s t r i b u t i o n  o f  d r o p l e t s  i s  
governed by t h e  i n j e c t o r  performance. I f  i t  i s  assumed t h a t  t h e  i n j e c t o r  
produces p r a c t i c a l l y  monosized d r o p l e t s  o f  33 pm d iameter  (Case 4) ,  t h e n  t h e  
f r a c t i o n  o f  f u e l  u t i l i z e d  i s  d r a m a t i c a l l y  reduced t o  58 percent .  Thus, as i s  
w e l l  known, s i z e  d i s t r i b u t i o n  p l a y s  an impor tan t  r o l e  i n  t h e  combustion 
process. I n  t h e  presence o f  a t y p i c a l  broad s i z e  d i s t r i b u t i o n ,  f i n e  p a r t i c l e s  
re lease energy t o  inc rease t h e  temperature l e v e l  so t h a t  a 33 r m  d r o p l e t  i s  70 
percent  u t i l i z e d  be fore  i t  h i t s  t h e  w a l l ,  w h i l e  i n  t h e  presence o f  monosized 
d r o p l e t s ,  a 33 pm d r o p l e t  i s  5 6  percent  u t i l i z e d .  

(Case 5 )  t h e n  by d e f i n i t i o n  f u e l  i s  comple te ly  converted t o  gaseous f u e l .  I n  
a l l  t h e  cases examined here, t h e  combustor i s  operated f u e l  r i c h  and 
u t i l i z a t i o n  o f  02 i s  complete. Even when t h e  f u e l  i s  n o t  comple te ly  
combusted, t h e  combustor o u t f l o w  i s  devoid o f  any oxygen. The v o l a t i l e s  
re leased i n  t h e  p y r o l y s i s  phase a r e  o f  C6H12 and CgH6 type, and some 
uncombusted v o l a t i l e s -  (up t o  2 percent  by we igh t )  a r e  p r e d i c t e d .  The presence 
of  uncombusted v o l a t i l e s  may be due t o  t h e  incomple te  t u r b u l e n t  m i x i n g  o f  t h e  
v o l a t i l e s  o r  due t o  t h e  inadequacy o f  t h e  model which l a c k s  t h e  k i n e t i c  r o u t e  
f o r  t h e  d i s s o c i a t i o n  o r  s a s i f i c a t i o n  o f  gaseous f u e l  t o  CO and Hz.  

I f  one assumes t h a t  a d r o p l e t  i s  u t i l i z e d  comple te ly  as i t  h i t s  t h e  w a l l  

The combustor e x i t  c o n d i t i o n s  are  r e l a t i v e l y  i n s e n s i t i v e  t o  t h e  i n i t i a  

As an example t h e  temperature and CO mass f r a c t i o n  

s i z e  d i s t r i b u t i o n  and composi t ion o f  f u e l .  The d e t a i l e d  temperature and 
species d i s t r i b u t i o n s  i n s i d e  the  combustor, however, a r e  s t r o n g l y  s e n s i t i v e  
t h e  s i z e  d i s t r i b u t i o n .  
contours i n  t h e  i n j e c t o r  plane a r e  compared i n  F igs .  4 and 5, r e s p e c t i v e l y .  

0 

The a b i l i t y  o f  t h e  code t o  compute complex three-dimensional  combustor 
f l o w  f i e l d s  has been demonstrated. The purpose o f  t h e  model work was 
s p e c i f i c a l l y  as a design t o o l  f o r  e x p l o r a t i o n  o f  combustor geometry, s i z i n g ,  
and f u e l  cho ices .  It was success fu l  and u s e f u l  i n  t h a t  regard.  The model has 
g iven reasonable q u a l i t a t i v e  p r e d i c t i o n  o f  t h e  t o r o i d a l  v o r t e x  f l o w  f i e l d  
under c o l d  f l o w  c o n d i t i o n s . ( l 2 )  
f rom t h e  combustor development program, q u a n t i t a t i v e  comparisons w i l l  be made 
and t h e  model r e v i s e d  t o  improve p h y s i c a l  assumptions. 

Also,  as t h e  t e s t  da ta  become a v a i l a b l e  
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TABLE 1 

COMBUSTOR CONFIGURATION AND INIT lAL CONDITIONS 

Combustor Diameter 0.35 rn 

Injector-Dome Length 

No. o f  I n j e c t o r s  

I n j e c t i o n  Angle 

A i r  Flow Rate 

A i r  I n j e c t i o n  V e l o c i t y  

A i r  I n j e c t i o n  Temp. 

A i r  Pressure 

0.43 rn 

4 

60 

0.37 kg/s 

70 m/s 

617 K 

6 atm 

TABLE 2 

INITIAL CONDITIONS FOR FUEL COMPOSITION 

Case Case 
2 - 1 - 

i f u e l  0.051 0.073 

m*a te r /d fue l  0.0 0.3 

Bdaf/"iuel 0.95 0.665 

d 50 l~ 50 lJ 

f ( d )  exp ( d/d) exp ( d/d) 

0 1 . 3  1.3 

Par t  i c  le/Wa 11 1 1 
I n t e r a c t i o n  
Mode 1 

(1)  P a r t i c l e  Capture, no vapor i za t i on  
( 2 )  P a r t i c l e  Capture, Complete vapor i za t i on  

Case 
3 

0.073 

0.3 

0.665 

33 lJ 

exp ( d/d) 

1.3 

1 

Case 
4 

0.073 

0.3 

0.665 

33 lJ 

6 (d /d)  

1.3 

1 

- 
Case 

5 

0.073 

0.3 

0.665 

33 lJ 

d (d/d) 

1.3 

2 

- 
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PARTICLE TRAJECTORIES 

0.175 L T l  
R(m) 

110 )L 

0.000 0.167 0.333 0.500 0.567 

r 

Z (ml 

Figure 3 Typical Par t i c l e  Trajectories  i n  r-z Plane 

TEMPERATURE CONTOURS 

CASE 1 

I I I I I ,--% 

R 

---r.  

]jT7-k*Tt CASE 4 

0 
- --$ 

0.313 0.469 0.625 0.781 0.938 0.000 0.156 

*,e10 
2 (m) 

Figure 4 Computed Temperature Contour P lo t s .  
Contour 1 = 300K, Contour 1 1  = 2800K, increment = 250K 
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CO MASS FRACTION CONTOURS 

CASE 1 

1 I I I I I - - E  

CASE 2 

I I I I I -E 

CASE 3 

I I I I I I --E 
c 

CASE 4 

I I I e I I --G 

CASE 5 

I I I I I I - - E  
L 

0.000 0.156 0.313 0.464 0.615 0.781 0.938 

Figure 5 Computed CO Mass Fraction Contour Plots. 
Contour 1 = 0, Contour 1 1  = 0.4, increment = 0.04 
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